Integration of synthetic metabolic pathways to catabolically diverse chassis provides new 9 opportunities for sustainable production. One attractive scenario is the use of abundant 10 waste material to produce readily collectable product, minimizing production costs.
1 Introduction 23 The concerns of energy security and environmental issues are driving the development of S2). 116 In the aromatic catabolizing pathway of ADP1, ferulate is first converted into vanillate 117 (Fischer et al., 2008) . Thus, the growth comparison was also performed using vanillate (15 118 mM, 45 mM, 75 mM and 100 mM) as a sole carbon source. Similarly, adapted ADP1 119 showed advantage over wild type in terms of growth on vanillate ( Figure S3 ); Wild type 120 showed slightly slower growth and lower final OD than the adapted ADP1 already in 15 121 mM vanillate. As the concentration was increased, the growth of wild type ADP1 was 122 inhibited to a larger extent. In comparison, adapted ADP1 exhibited similar growth profile 123 as when grown on ferulate. Interestingly, adapted ADP1 did not show significantly 124 improved tolerance against p-coumarate, another LDM which can also be catabolized by 125 as ADP1-empty plasmid, ADP1 UndA, ADP1 'tesA, and ADP1 'tesA-undA. 142 To select the optimal construct, we compared the production of 1-undecene between the 143 transformants containing different plasmids. The transformants were cultivated in MA/9 144 medium supplemented with 5% glucose, 0.2% casein amino acid, and 25 µg/ml 145 chloramphenicol. The cells were induced with 1 mM cyclohexanone when the OD reached 146 1. After 1 h of induction, the cells were transferred to sealed vials and cultivated overnight. 147 The produced and evaporated alkenes were directly analyzed from the headspace of the 148 culture vials by solid phase micro-extraction (SPME)-gas chromatography mass 149 spectrometry (GCMS). The production of 1-undecene by different strains is shown in 150 Figure 3 . ADP1-empty plasmid produced only traces of 1-undecene (4.46 ± 0.07 µg/L).
151
The production was greatly increased by expressing undA alone in ADP1 (418 ± 24 µg/L) while expressing 'tesA alone did not have a great influence on the production (5.06 ± 0.33 153 µg/L). ADP1 'tesA-undA had the highest production (694 ± 76µg/L), which was 1.7 fold 154 higher than with ADP1 undA. In addition, signal of 1-tridecene were detected in the 155 cultivation with ADP1 'tesA-undA ( Figure S5 ). At the end of the cultivation, ADP1 with 156 empty plasmid and ADP1 undA reached the OD of more than 2 while the other strains had 157 the OD approximately 1.5 ( Figure S4 ). Based on the results, pBAV1C-chn-'tesA-undA was 158 selected for 1-undecene production from ferulate. 159 2.4 1-Undecene production from ferulate with adapted ADP1 160 We demonstrated that the highest 1-undecene production was obtained with pBAV1C-chn-
161
'tesA-undA among the constructed plasmids. Thus, adapted ADP1 was transformed with 162 the construct and designated as adapted ADP1 'tesA-undA. Both adapted ADP1 'tesA-undA 163 and ADP1 'tesA-undA were precultivated in mineral salts medium supplemented with 5 164 mM ferulate, followed by batch cultivations in 110 mM ferulate. During the cultivation, 165 biomass and ferulate concentration were monitored. The detection of 1-undecene was 166 carried out by SPME-GCMS.
167
As expected, adapted ADP1 'tesA-undA showed distinct advantage over ADP1 'tesA-undA 168 when cultivated in approximately 110 mM ferulate (Figure 4 A) . ADP1 'tesA-undA showed 169 almost no growth or ferulate consumption during the cultivation, the final OD being 0.21.
170
On the contrary, adapted ADP1 'tesA-undA showed efficient growth in approximately 110 171 mM ferulate; the OD was 3.6 at the time of induction, and 5.5 after the following 4.5 h of 172 incubation with the inducer. At this time-point, 52 mM ferulate was left in the culture.
173
During the cultivation in sealed vials, due to the oxygen limitation, the OD did not change greatly and only a small amount of additional ferulate was consumed. At the end of 175 cultivation, 72 ± 7.5 µg/L 1-undecene was detected from the cultivation of adapted ADP1 176 'tesA-undA while no 1-undecene was produced by ADP1 'tesA-undA (Figure 4 B) . Lignin has a great potential as a sustainable substrate for bio-based production of fuels and 179 chemicals: It has high energy and carbon content, it is renewable and widely available, and 180 large quantities of lignin-rich waste streams are generated by e.g. bioethanol and paper 181 industry. The practical problem with its utilization is that the typically employed production 182 hosts cannot degrade and further metabolize the aromatic compounds that are the 183 constituents of lignin (Beckham et al., 2016) . Furthermore, the aromatic compounds are 184 strong growth inhibitors (Mills et al., 2009) . In this study, we established a novel bacterial 185 production platform that utilizes a major constituent of lignin, ferulate, as the sole carbon 186 source. A. baylyi ADP1 was employed as the host due to its ability of aromatic compound 187 utilization, adaptability, and the possibility to funnel the intermediates to products of 188 interest.
189
Although A. baylyi ADP1 can utilize ferulate as a sole carbon source, it was found out that 190 the growth rate is reduced or completely inhibited at concentrations relevant for a 191 bioprocess. The mechanism of the inhibition caused by ferulate has not been characterized 192 in detail, but a general mechanism of the inhibition caused by phenolic compounds is 193 thought to be related to their hydrophobicity (Fitzgerald et al., 2004; Mills et al., 2009); 194 phenolic compounds can target cell membranes and interact with lipids and membrane-195 embedded proteins, breaking the integrity of the membranes. In order to allow the use of LDMs as a substrate for both cell growth and product synthesis, it is a prerequisite to 197 overcome the toxicity of these compounds to host cells. To this end, ALE was employed 198 for A. baylyi ADP1 to improve the tolerance and growth on ferulate. As a result of ALE, the 199 growth inhibition caused by ferulate was significantly reduced. The adapted strain showed 200 not only robust growth in high ferulate concentration (up to 125 mM) while the growth of 201 wild type was completely inhibited, but also more prominent growth than wild type in low 202 ferulate concentration. In a previous study, the genes involved in the tolerance towards 203 coumaric acid, another lignin-derived phenolic compound, were identified in Pseudomonas 204 putida (Calero et al., 2018) . Most of the identified genes were related to membrane stability, 205 transport system, and membrane proteins while the genes involved in the degradation of the 206 compounds only play minor roles in the tolerance (Calero et al., 2018) . Those identified 207 genes seem to be more related to global stress handling. In this study, it seems that the 208 improved tolerance is resulted from a different mechanism, since the adapted strain shows 209 improved tolerance specific to ferulate and vanillate but not to coumarate. The additional 210 methoxyl group on the benzene ring of ferulate and vanillate may play an important role in 211 the mechanism. The correlations between the improved phenotype and the genotype remain 212 to be investigated in future.
213
Alkenes represent industrially relevant platform chemicals used in a broad range of 214 applications and products. Interestingly, the short and medium chain molecules are 215 semivolatile, potentially allowing straight-forward collection and continuous production 216 processes. As a proof-of-concept, our aim was to demonstrate the production of 1-undecene 217 from ferulate without downstream processing. To confer the pathway for alkene production, 218 three different plasmids were constructed to express either undA, 'tesA, or both undA and 219 'tesA in the wild type ADP1. Free fatty acids with chain lengths from 10 to 14 typically 220 serve as the substrate for UndA, whereas acyl-CoA and acyl-ACPs are unlikely converted 221 to alkenes (Rui et al., 2014) . However, the strain possessing only undA produced 418 ± 24 222 µg/L 1-undecene (93-fold more than the control strain) from glucose, indicating the 223 existence of available FFAs in ADP1 for 1-undecene synthesis. It has been reported that A. Lee, 2013). Hence, it was expectable that ADP1 'tesA-undA produced the most 1-undecene, 232 694 ± 76µg/L, improving the production by 1.7 fold in comparison with ADP1 undA alone.
233
Since it was demonstrated that the co-expression of undA and 'tesA improved the 234 production of 1-undecene in the ADP1 wild type, the same construct pBAV1C-chn-'tesA- Co-expression of Pmen_4370, an UndB homolog, and UcFatB2, a C12-specific 253 thioesterase for lauric acid (C12) synthesis, conferred extracellular 1-undecene production 254 of a titer of ∼55 mg/L in E. coli (Rui et al., 2015) . Thus, the alkene chain length can be 255 controlled by the specificity of the key enzymes towards the substrates.
256
Compared to the previous studies, the 1-alkene titers obtained here were low, 694 ± 76 257 µg/L from glucose and 72 ± 7.5 µg/L from ferulate. However, it should be noted that in the 258 latter case, all the required energy and carbon for both generating the catalyst (biomass) and 259 the production of 1-undecene was obtained from ferulate, emphasizing the potential of the 260 used cell platform. In addition, as the goal was to demonstrate the direct production and 261 collection of 1-undecene without downstream processing, only the alkenes that were 262 secreted by the cells were analyzed. In order to improve the production, the culture set-up 263 should be further developed and optimized; in the current system, the cell growth and 264 consequently 1-undecene production rapidly cease due to the oxygen limitation in sealed Bleichrodt et al., 2010; Fischer et al., 2008) . In order to allow efficient 282 utilization of mixed substrates, further engineering should be employed to reduce the 283 carbon catabolite repression, e.g., by deletion of regulatory elements (Vardon et al., 2015) .
284
In addition, improvement of the tolerance against mixed LDMs is also crucial for obtaining 285 high substrate conversion rate. In this study, we aimed to demonstrate the potential of lignin-derived compounds as 288 substrates for the bioproduction of industrially relevant compounds. To that end, we 289 established the production of α-olefins (namely 1-undecene) by a synthetic pathway in A. 290 baylyi ADP1 using ferulate, a model compound for lignin monomer, as the sole carbon 291 source. The tolerance of A. baylyi ADP1 against ferulate was significantly improved by 292 ALE, which allowed the use of high ferulate concentration for the production. Our study 293 emphasizes the importance of host selection, and promotes the use of A. baylyi ADP1 as a 294 potential chassis for lignin valorization. Luria-Bertani medium (10 g/L tryptone, 5 g/L yeast extract, 1 g/L NaCl) was used for 307 plasmid construction and transformation of wild type A. baylyiADP1. The medium was 308 supplemented with 1% glucose as carbon source and 25 μg/ml chloramphenicol as 309 antibiotic when needed. For solid medium, 15 g/L agar was added.
310
Minimal salts medium (MA/9) was used for the cultivation of plasmid selection. The 311 composition was as follow:Na2HPO4 4.40 g/L, KH2PO4 3.40 g/L, NH4Cl 1.00 g/L, 312 nitrilotriacetic acid 0.008 g/L, NaCl 1.00 g/L, MgSO4 240.70 mg/L, CaCl2 11.10 mg/L, 313 FeCl3 0.50 mg/L. The medium was supplemented with 0.2% casein amino acid, 5% glucose 314 and 25 μg/ml chloramphenicol when indicated.
315
Mineral salts medium as described by Hartmans et al. (1989) was used for the ALE 316 cultivation, the growth comparison in ferulate (wild type ADP1 vs. adapted ADP1), the 317 transformation of adapted ADP1 and the cultivation of 1-undecene production from ferulate.
318
This medium was applied in the experiments related to adapted ADP1 to maintain its 319 evolved properties, as the strain was adapted with the medium. The composition was shown 320 as follow: K2HPO4 3.88 g/L, NaH2PO4 1.63 g/L, (NH4)2SO4 2.00 g/L, MgCl2.6H2O 0.1 g/L, were evolved in parallel. The concentration of ferulate was initially 45 mM and gradually 339 increased during the evolution to maintain the selection pressure. Cells were passaged to 340 fresh medium before entering into stationary phase to avoid unwanted mutation. Before 341 each passage, the OD of the culture was measured. The amount of inoculum was adjusted 342 daily to make the initial OD of each cultivation between 0.03 and 0.1. The cells were 343 cryopreserved at -80 °C every two passages. The evolution went on for two months and 61 344 transfers were performed, corresponding to more than 350 generations. After the evolution, 345 single colonies from both populations were screened out on plates. The strain with the best growth in ferulate, designated as adapted ADP1, was further compared with wild type 347 ADP1 (the parental strain). Wild type and adapted ADP1 were also compared regarding the growth in vanillate, the 358 metabolite derived from ferulate in the aromatic catabolizing pathway. The same processes 359 as above were used for the comparison but vanillate was used instead of ferulate. The plasmid pBAV1C-chnR/pChnB designated as pBAV1C-chn was constructed as 365 follows. First, the plasmid pBAV1C-T5-GFP, which was constructed by Santala et al.
366
(2014b), was amplified with the primers ab151 and ab152 to remove internal NdeI-site 367 from the plasmid backbone. The PCR product was self-ligated and transformed to E. coli 368 XL1-Blue strain. The obtained plasmid was named as pBAV1C-T5-GFP. Then, the 369 fragment containing the regulator chnR and its cognate promoter pChnB was amplified For testing the functionality of (ChnR/PchnB), ADP1 carrying pBAV1C-chn-GFP plasmid 405 was cultivated in minimal salts medium containing 1% glucose, 0.2% casein amino acid 406 and 25 μg/ml chloramphenicol at 30 °C and 300 rpm. When the optical density at 407 wavelength 600 nm (OD600) reached 0.5-1, 1 mM cyclohexanone was added in the culture.
408
Cultivation without the addition of cyclohexanone was used as reference. The cultivation 409 was performed in duplicate. Samples were taken for OD600 and fluorescence after 3 hours 410 of cultivation. For fluorescence measurement, appropriate dilution was made to ensure that 411 samples contained the same amount of biomass. Fluorescence measurement was performed 412 with Spark multimode microplate reader (Tecan, Switzerland) with wavelengths 485 nm 413 (excitation) and 510 nm (emission) and the signal was proportioned to that of the non- 
